Abstract-Radiances observed by the Interferometric Monitor for Greenhouse gases sounder have been used to retrieve temperature, water vapor, and ozone profiles. It is shown that the sounder allows us to simultaneously retrieve stable solutions for temperature and water vapor. Once water vapor and temperature have been retrieved, ozone profile may be estimated on the same fine vertical mesh as water vapor and temperature. Comparison among calculated and observed radiances shows good agreement in several parts of the thermal band which is sensed by the sounder. A slight discrepancy is observed in the wing region of the 720-cm 01 CO2 Q-branch, whereas the most severe form of disagreement is seen in the 6.7-m vibrational H2O absorption band. Nevertheless, suitable spectral ranges may be identified which yield accurate and stable inversions for temperature, water vapor, and ozone.
Inverting for GeophysicalI. INTRODUCTION T HE INTERFEROMETRIC Monitor for Greenhouse gases (IMG) sensor is a high-resolution Fourier transform spectrometer which has flown on the Advanced Earth Observing Satellite (ADEOS) platform. IMG was developed by the Ministry of International Trade and Industry (MITI), and it was the first very high spectral resolution (apodized resolution of 0.1 cm ) spectrometer to fly in space to sense temperature and gas constituent profiles through the earth infrared emission spectrum. IMG is mostly intended for water vapor and greenhouse gases mapping on global and regional scales. IMG is the most demanding instrument on board of ADEOS and is posing new and challenging problems in the area of remote sensing of geophysical parameters from infrared radiances. In this respect, IMG may play an important role for the nonoperational but important research uses such as spectroscopy, radiative transfer modeling, and the related mathematics of inversion.
With this in mind, the main aim of this paper is to describe the inversion algorithm we have developed for IMG and discuss the results obtained by inverting a selected set of IMG radiances. The following points will be primarily addressed, which are of general interest for the broad scientific community involved in the next meteorological and climatological space missions with high-resolution infrared sounders (e.g., [1] , [2]):
• simultaneous retrieval of water vapor and temperature profiles; • retrieval of ozone;
• degree of misfit between observed and calculated radiances. Inversion of IMG radiances has been obtained with the convolution of high-resolution interferograms for advanced retrieval in the atmosphere (CHIARA). CHIARA has been variously described in different papers (e.g., [3] - [5] ) and has been used to assess the effect of radiometric noise on IMG and IASI performances [6] , [7] .
Although preliminary, our analysis convincingly shows that IMG obtains reliable simultaneous retrieval for water vapor and temperature profiles. The ability to get ozone profiles has been also checked, and good agreement has been found for total ozone when compared to companion ADEOS ozone sensors.
This paper is organized as follows. Section II is devoted to a description of the data which have been used in our analysis. Details relevant to the inversion step, such as the inversion algorithm, spectroscopic database, atmospheric layering, and sampling rate of IMG radiances will be discussed in Section III. In Section IV, inversion of IMG radiances for temperature, water vapor, and ozone will be presented and discussed. Conclusions will be drawn in Section V.
II. THE DATA
Our analysis relies on one spectrum recorded over Sardinia island which is located in the middle of the Mediterranean area (39.9 N latitude, 8.9 E longitude) on April 3, 1997, at 21:36:00 GMT. The spectrum corresponds to the so-called third IMG band which stretches approximately from 600-2000 cm and is shown in Fig. 1 at the nominal IMG sampling rate, i.e., cm . This spectrum has been diagnosed as cloud-free according to time coincident METEOSAT imagery. Imagery refers to the date April 3, 1997, at hours 21:00:00 GMT, 21:30:00 GMT, and 22:00:00 GMT, respectively. The infrared METEOSAT image at 21:30:00 GMT, that is 6 min before the ADEOS pass, is shown in Fig. 2 . It is possible to see that Sardinia is completely free of clouds.
0196-2892/99$10.00 © 1999 IEEE In addition, the IMG spectrum has been passed through a series of radiometric tests to detect the presence of clouds. The cloud-detection tests have been derived by those currently applied to the High-Resolution Infrared Radiation Sounder (HIRS) radiometer [8] and have been suitably modified to be applied to IMG radiances. Details about these cloud-detection tests can be found in the Appendix.
III. THE INVERSION STEP: RETRIEVAL ALGORITHM, SPECTRA RESAMPLING, AND SPECTRAL RANGES
The overall inversion methodology has been implemented in a software package that we call CHIARA (e.g., [3] - [6] ). Here we limit ourselves to the basic aspects of CHIARA.
The main features of CHIARA are 1) fast computation of IMG synthetic radiances; 2) analytical computation of Jacobians for temperature and any gases; 3) a fast inversion algorithm. The important and original aspect of the CHIARA inversion algorithm relies on its ability to optimally control the size and direction of the iteration step. This is achieved through the socalled -curve criterion [9] . The result is a very fast convergent inversion algorithm capable of finding an optimal (in the least squares sense) solution even at the first step of iteration.
In this section we first describe the basic equations of the inversion algorithm and then we focus on the resampling process of IMG spectra.
A. Retrieval Algorithm
Basically, we consider a linearized form for the radiative transfer equation which is obtained by developing in Taylor series the nonlinear one around a suitable first guess set of profiles. The unknown vector of geophysical parameters, , to be retrieved is estimated by ( stands for transpose) (1) the covariance matrix of the solution vector, , is given by (2) where Jacobian or derivative matrix computed at , which is the vector of first guess values for the geophysical parameters, whereas are the related synthetic radiances; covariance matrix of the observed radiance vector , smoothing parameter may be any smoothing matrix (e.g., statistical [10] or differential operator [11] ). For the present analysis, a second derivative smoothing constraint has been used to build up . However, we have checked that no significant difference in the retrieval is found by considering a statistical operator.
The covariance matrix of the radiance vector, , has been built up on the basis of the radiometric noise figures shown in Fig. 3 , which refer to the nominal IMG sampling rate. These figures were obtained at the protoflight test of IMG.
A suitable scheme to handle matrix computations involved in (1) and (2) is generalized singular value decomposition (GSVD) [12] . An important role in the inversion procedure is played by since it controls the size and the direction of the iteration step. The criterion to estimate the optimal value for is the -curve method [9] . We stress that even for statistical is not a good choice in general. Equation (1) is the basic form of the first iteration, the solution may be iterated, of course, and we control the convergence of the procedure by computing the index
However, when a proper value for has been selected, the procedure converges in one, two steps. The computation of the Jacobian matrix is performed on the basis of an analytical scheme [4] , whose input is the monochromatic optical depth function computed by FAS-CODE3P [13] . The spectroscopic database used in this analysis is HITRAN 92. Convolution of synthetic radiances and Jacobian to the desired sampling rate is performed on the basis of a fast convolution algorithm.
The layering of the atmosphere for forward calculations is defined in Table I . This is also the mesh on which the retrieved profiles are computed. It is important to stress that the grid step of this mesh cannot be interpreted as the final resolution of the retrieved quantities, since the smoothing constraint is likely to introduce vertical correlation in the retrieved quantities.
Finally, we want to stress that temperature and water vapor profiles are simultaneously retrieved. Ozone and possibly other atmospheric constituents are sequentially retrieved. This approach is due to the ubiquity of water vapor in the thermal infrared spectrum which makes it impossible to find spectral regions which are really insensitive to water vapor. A similar approach was first considered by Smith et al. [14] .
The ability of CHIARA to simultaneously retrieve temperature and water vapor profiles has been checked on the basis of extensive numerical experiments (e.g., [7] ). In these experiments, synthetic radiances, with the same sampling rate as that used for processing IMG radiances in this study, were generated and corrupted with random noise. In order to simulate IMG measured radiances, the variance of the noise term was chosen according to the IMG radiometric noise. Applying CHIARA to these radiances, we found that temperature was retrieved with the accuracy of 1 K in the troposphere, while water vapor was retrieved within 10-20% accuracy in the troposphere.
B. Spectra Resampling and Spectral Ranges Used in the Inversion Process
Because of its very long maximum optical delay ( 10 cm) IMG suffers from the effect of heavy self-apodization which yields a wavenumber-dependent instrumental spectral response function (ISRF). As a result, the spectral resolution of IMG is degraded toward the end of the spectral interval. The effect of self-apodization suggests that the data should go through the inversion process only after a suitable resampling. To this end, it should be stressed that self-apodization may be attenuated by chopping the interferogram at a point before the maximum optical delay. This is equivalent to reducing the maximum optical delay and has the effect of making the ISRF wavenumber-independent and close to the ideal ISRF of a FTS, that is the cardinal sine or sinc function (e.g., [15] ). Chopping the interferogram at a lower maximum optical delay is an irreversible operation which may introduce loss of information. However, this is the only conceivable method to have a proper comparison among synthetic and observed radiances unless we have the exact wavenumber-dependent ISRF of the spectrometer.
In practice, the resampling operation involves the following steps:
• Fourier transform the IMG original spectrum back to the interferogram domain; • chop the interferogram to the chosen truncation point; • Fourier transform the chopped interferogram to the spectrum domain. This operation can be easily carried out on the basis of our integrated CHIARA tool, since it relies on a fast convolution algorithm. Three levels of resampling have been considered.
• cm . This sampling rate has been used for the spectral interval 667 to 800 cm which is part of the 15 -CO absorption band. This band is the primary band for temperature sounding. It should be noted that the rotational structure, which overlaps the vibrational character of the band, yields a regular spectral line structure whose line spacing is 1.6 cm , so that the above sampling rate still allows us to see the details of the rotational structure.
• cm . This sampling rate has been considered for the ozone absorption band at 9.8 m.
• cm . This is the sampling rate which has been used in conjunction with the water vapor absorption band at 6.7 m. The resampling process has at least three important effects.
• The degradation of the sampling rate has the effect to equalize the ISRF of the instrument at different wave numbers, therefore facilitating the comparison among synthetic and observed radiances.
• Degrading the sampling rate has the additional and important effect of improving the degree of linearity of the inverse problem, since the effect of strong saturated lines is smoothed.
• Finally, the reduction of the sampling rate improves the radiometric noise affecting the radiances. The random part of the variance of this noise is reduced by the factor , with and being the original IMG sampling rate, i.e., 0.05 cm , and the new sampling rate, respectively. Of course, this process of resampling cannot go forever. At a certain point we loose the ability to see between the absorption lines, so that most information for the inverse problem is lost. It should be stressed, indeed, that the resampling operation smooths the weighting functions which become less sharp. As a consequence, a compromise has to be reached, and we have found that the above values work well in practice for temperature, water vapor, and ozone, respectively.
It should be also noted that our resampling operation implies only a chopping of the interferogram without any additional apodizing function, so that the covariance matrix of the observation can be considered diagonal. Our operation does not introduce extra correlation among the spectral elements in the spectrum.
To summarize, for the present analysis, the following spectral ranges along with the related resampling rates have been considered. 1) 667-800 cm , sampling rate cm , for a total of 473 spectral radiances (number of data points). However, the region in between 722-724 cm has not been used (see Section IV) due to a large misfit between observations and computations for this interval. 2) 1100-1200 cm , sampling rate cm , for a total of 51 data points. This is a window region with very weak vapor lines which gives very sharp weighting function in the troposphere. 3) 1200-1400 cm , sampling rate cm , for a total of 101 data points. This is part of the -vibrational absorption water vapor band. 4) 950-1100 cm , sampling rate 0.84 cm , for a total of 176 data points. This band is used for ozone. In total we have 801 data points and 1 (surface temperature) 37 (temperature profile) 37 (water vapor profile) 37 (ozone profile) 112 geophysical parameters to be retrieved.
We remark that we first invert for the surface temperature , temperature and water vapor profiles, and then for ozone. Finally, it is important to note that before inverting the radiances for the geophysical parameters, the covariance matrix of the observations, that is , is properly scaled to take into account the process of resampling outlined above.
IV. RESULTS
The initial guess state of the atmosphere was selected on the basis of a library search method. The library is that compiled by NESDIS (National Environmental Satellite, Data, and Information Service) and modified at CIMSS (Cooperative Institute for Meteorological Satellite Studies, University of Wisconsin, Madison, USA) to include ozone profiles. The guess is chosen so that it minimizes the -distance among observed and synthetic radiances. For the surface temperature, the value of 285.6 K was used as first guess.
The value before the inversion step was 1.2 10 . After the first iteration, this value was reduced to 2 10 , that is almost two orders of magnitude lower. An ideal reconstruction (perfect spectroscopy and no systematic error sources) would give a value of which is not very far from the values of 2000. However, further iterations did not significantly improve the , which means that some form of discrepancy between observations and calculations still remain which are due to a less than perfect world. These discrepancies will be described along with the results of the inversion. Although our inversion procedure is simultaneous, except for ozone, we prefer to describe the results for each geophysical parameter. To begin with, let us consider temperature.
A. Temperature Retrieval
The retrieved profile is shown in Fig. 4 along with the first guess. The retrieved profile refers to a smoothing value , which was selected by L-curve method. For this case, daily Global Telecommunication System (GTS) data were available for the grid point (39.2 N latitude, 9.0 E longitude) at 17:00:00 GMT. The GTS data are quite close in space to the ADEOS pass (the distance is about 80 km), however the difference in time is about 5 h, therefore we have to expect general consistency between retrieval and GTS rather than a point-by-point coincidence. Another possible source of uncertainty in the comparison may arise from the fact that the vertical resolution of GTS data is very poor. The original GTS data consist of 16 temperature (and water vapor) data points belonging to 16 pressure levels from 1000 to 10 mbar. These data are interpolated to our 34 grid points which correspond to the above pressure limits. The operation introduces a strong vertical correlation, so that the resulting 34 interpolated GTS data are not independent.
Keeping this in mind, we may see, from Fig. 4 , that the consistency between retrieval and GTS data is fairly good. The retrieved lower troposphere temperature appears colder than GTS data. Nevertheless, this is consistent with the fact that GTS data refer to daytime, whereas IMG retrieval correspond to a nighttime pass. Quite impressive is the ability of IMG temperature retrieval to reproduce the fine structure of multiple temperature inversions in the stratosphere (altitude from 10 to 30 km). It is important to stress that this structure is not present in the initial guess. This is probably the most striking result we have obtained, which testifies the ability of IMG to resolve fine structures even in the stratosphere. This ability is extremely important for ozone sounding.
Assuming a constant surface emissivity of one, the value estimated for the surface temperature is 285.8 K. This value has to be meant as an effective or equivalent skin temperature, in the sense that it fits to the observed spectrum in the window regions. Its interpretation as the skin temperature may be biased by the value which has been assumed for the surface emissivity. Fig. 5 compares observed and calculated brightness temperature (BT) spectrum in the intense 667 cm CO Q branch. To facilitate the comparison with different spectral regions, the -axis scale is the same for all drawings showing observed and calculated B.T. temperature spectra and related differences.
Emission in this region is well above the tropopause and therefore it is relatively unaffected by water vapor and other possible sources of contaminants. It is possible to see that line shapes are perfectly reproduced and peak-to-peak differences do not exceed 1 K, except that close to 700 cm where the differences exceed 1 K in the center of the lines. This spectral region is the most noisy for IMG, even at a sampling rate of 0.28 cm , the radiometric noise is around 0.2-0.3 K in terms of noise equivalent difference temperature (NEDT) at 280 K. Thus, differences within one degree Kelvin are reasonably small when compared to the radiometric noise. Finally, this spectral region yields very sharp weighting function in the upper stratosphere and therefore is responsible for the good sensitivity of IMG retrieval to this part of the atmosphere (see Fig. 4 and related discussion in the text). Fig. 6 compares IMG and FASCODE computations for the spectral region 700-750 cm which includes the 720 cm and 741 cm Q-branches. It is possible to see that the second Q-branch is perfectly reproduced in both central and wing regions. For the 720 cm Q-branch, we observe a fairly good agreement in the center of the branch. However, the wing region, in the narrow range 722-724 cm , is badly reproduced and gives peak-to-peak differences which exceed 10 K. We stress that the discrepancy is mostly evident in the wings of the lines which are the spectral regions mostly affected by line mixing (e.g., [16] ). It is well known that line mixing tends to decrease the absorption coefficient in the wing of the lines, so that it seems that FASCODE gives an excess of line mixing. Another possibility could be a bad modelization of water vapor continuum which is very intense in this spectral region. However, a definite conclusion needs further analysis, e.g., use of different radiative transfer models and/or improved schemes for water vapor continuum.
Because of this discrepancy, the spectral region 722-724 cm has not been included when computing inversions. However, because of its limited extent, the impact of this interval over the inversion result is negligible. Fig. 7 shows the spectral regions from 750 to 800 cm , this includes the far wing of the 741 cm CO Q branch and the weak 791 cm Q branch, along with weak lines of H O. Overall, this region is very sensitive to the lower part of the atmosphere: surface and lower-to-middle troposphere. It is possible to see that the discrepancy between observation and computation is well below 1 K, on average, and tends to decrease in the window regions. Also note the perfect reproduction, even in the line center, of the group of weak H O lines after 775 cm , which testifies to a good retrieval for water vapor as it will be shown in a while.
In conclusion, we can say that, apart from a very narrow interval in the wing of the 720-cm Q-branch, the CO absorption band is fairly reproduced and no systematic drift between observations and computations has been evidenced.
B. Water Vapor Retrieval
The retrieved water vapor profile is shown in Fig. 8 along with GTS data. Water vapor is simultaneously retrieved with temperature so that the smoothing parameter found for temperature applies also to water vapor, i.e., . The IMG product perfectly parallels the behavior of GTS data in the lower part of the atmosphere. Note that the initial guess indicates much less water vapor in the troposphere. This behavior again stresses the overall sensitivity of IMG radiances to the state of the atmosphere. Fig. 9 compares the observed and computed B.T. spectrum for the spectral region 1100-1400 cm . It is immediately seen that differences are limited well below 1 K in the window region 1100-1200 cm . The spectral range 1200-1300 cm is also perfectly reproduced. Note that differences are less than 1 K even in the center of the lines. This is extremely important for the quality of water vapor retrieval since this spectral range yields sharp weighting functions also in the upper part of the troposphere. The remaining 1300-1400 cm spectral range is not reproduced with the same accuracy as that observed for the previous range. However, large discrepancies are limited to the center of the lines where differences may reach 10 K. Overall, the remaining 6.7-m H O absorption band (that is the spectral range 1400-2000 cm ) is badly reproduced, and the inclusion of this region in the inversions produces highly biased results for water vapor. This is why we limit to the spectral range 1100-1400 cm when considering inversions for water vapor. Similar results have been found for different IMG spectra.
Finally, we want to stress that our findings are similar to the typical results that are currently found between high spectral resolution measurements and simulations using line-by-line codes, which show higher discrepancies in regions where water vapor is radiatively active (e.g., [17] ). This problem is multifaceted since important error contributions arise because of errors introduced by all approximations involved in the use of a forward model, besides the effects due to spectroscopic error sources.
C. Ozone Retrieval
Ozone profile has been retrieved on a mesh of 37 layers, the same as temperature and water vapor (see Table I for the definition of the layers). The retrieved profile is shown in Fig. 10 (note the log-log scale) along with the first guess. The retrieved profile corresponds to the L-curve optimal smoothing parameter . The inverted profile shows less ozone, mostly at the tropopause level and in particular around 10 km altitude in the upper troposphere. We are confident about such a finding, since atmospheric gases may be retrieved with high accuracy in the region of the atmosphere where we have a strong temperature lapse rate (e.g., [4] ). According to the inverted profile for temperature, the lapse rate around 10 km is 6.5 K/km. No comparison data are available for the ozone profile so that the quality of the retrieval may only be checked by comparing the residuals before and after the inversion process. This comparison is provided in Fig. 11 . It is possible to see that before the inversion, differences in the observed brightness temperature of up to 5 K in the central part of the ozone band are quite evident. After the inversion, these differences reduce to less than one degree Kelvin. This clearly indicates that the retrieved profile is able to account for all the initial discrepancies between observations and first guess spectrum.
Comparison data are available for the total ozone load which for our case is 352 3 Dobson Units against a first guess value of 422 Dobson Units. Total ozone is also available from the total ozone mapping sounder (TOMS) ADEOS. However TOMS ADEOS measurements were not available for the ADEOS pass of April 3, 1997, over Sardinia (this is an overnight pass and TOMS measures only in daylight). By interrogating the TOMS ADEOS homepage, we have found for the same location (i.e., 39.9 N latitude, 8.9 E longitude), total ozone measurements for April 1, 2, 4, and 5, 1997, respectively. The TOMS ADEOS ozone estimate (in Dobson Units) for those days is: 385, 406, 331, and 337, respectively. Thus, TOMS indicates a decreasing trend in ozone for the period April 1-5, 1997, which is perfectly in agreement with the value of 352 Dobson Units we have found for April 3, 1997. This result shows that IMG may fill TOMS night-gaps in total ozone.
V. CONCLUSIONS
We have presented and discussed the inversion of one IMG spectrum with particular reference to the following points which are of extreme importance in view of next high-spectral resolution infrared sounder space missions:
• simultaneous retrieval of water vapor and temperature profiles; • retrieval of ozone; • degree of misfit between observed and calculated spectra. We have shown that when rightly addressed, the inverse problem is largely linear and stable; solutions can be simultaneously obtained by considering only one iteration step. We have found that slight discrepancies between observed and calculated spectra affect a very limited spectral region around the 720-cm Q-branch. More serious discrepancies affect the center of the -vibrational water vapor band. However, the spectral region 1100-1400 cm may be isolated, which gives good agreement between observed and computed radiances.
By comparing retrieval to GTS data we have proved that IMG is capable of sensing temperature and water vapor with improved details and accuracy over present satellite-borne radiometers. Accurate profiling of ozone seems to be well within IMG capability. The quality of IMG ozone columnar amount retrieval has been definitely proved by comparison with TOMS ADEOS data. In conclusion, we can say that IMG has proved the ability of high-resolution FTS's to largely improve the remote sensing of geophysical parameters of both meteorological and climatological importance such as temperature, water vapor, and ozone.
However, a complete assessment of the improvements which is possible to achieve with FTS spectrometers like IMG will be only possible after analyzing a large set of IMG spectra that we hope to do in the near future. Nevertheless, we have outlined and discussed a methodology which will make such an assessment really feasible.
APPENDIX CLOUD-DETECTION TESTS
The main problem with clear areas is identification. To identify clear areas, a set of suitable radiances are subjected to interchannel regression tests [8] . Each regression test involves taking a linear combination of measured IMG radiances which, if cloud-free, should approximate to the measured value of a different suitable IMG radiance. The predictant radiance is taken to belong to a window or wing region of the spectrum, whereas the predictor radiances are taken to belong to the center of lines. This choice ensures independence of predictant from predictors. There would be no point in correlating window channels with other window channels.
Before applying the tests that will be described below, the IMG spectra are resampled at 0.25 cm and converted to B.T. spectra. The resampling operation is performed in order to equalize the ISRF.
In practice, the following regression relationship is applied:
where is the brightness temperature spectrum at wavenumber ; the suffix indicates a channel or wavenumber in a wing or window region (off of the center of lines), whereas the suffix indicates a channel corresponding to the center (or nearly) of an absorption line. The test is mainly based on the 15-m CO absorption band to select off-line and in-line wave numbers. The following three off-line wave numbers are used:
The first two channels above have the peak contribution mostly in the lower troposphere, whereas the last channel is a nearly window channel (slightly affected by ozone absorption but relatively insensitive to water vapor absorption). The five inline channel predictors are here defined 
When applying the test, in practice, the following set of inequalities is considered:
The spectrum is then flagged as cloudy if the above relationships are not satisfied. The thresholds values have been obtained by training the test on the basis of clear-sky IMG spectra over the Mediterranean area. This should be kept in mind when exporting this procedure to other regions of the globe. Clear sky was detected by METEOSAT imagery. The three threshold values are
The tests above are only a few among many others possible. Some are at present being developed and while others are being sought. The problem with IMG is that it is a new concept instrument and a great part of the preprocessing algorithms has to be reinvented.
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